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A B S T R A C T   

NE China, located at the eastern Central Asian Orogenic Belt, experienced extensive magmatism during the 
Mesozoic and hosts multistage granitic plutons and accompanying W mineralization. However, due to the limited 
number of studies on Triassic W deposits and spatially related granitoids, the petrogenesis of these granitoids and 
their relation to W mineralization remain enigmatic. The Tantoushan quartz-wolframite vein-type deposit is 
located on the southern margin of NE China. Tungsten mineralization occurs mainly in the veins and veinlets 
within monzogranites. A lower intercept 206Pb/238U age of 234.3 ± 6.2 Ma (1σ, MSWD = 0.41) was obtained for 
wolframite, which is identical within uncertainties to the zircon weighted mean 206Pb/238U age of 233.1 ± 1.8 
Ma (1σ, MSWD = 0.41) from the W-bearing monzogranites. The monzogranites have the petrological, miner
alogical, and geochemical characteristics of highly fractionated I-type granitoids. The rocks are enriched in Rb, 
Th, U, K, and Pb, and depleted in Ba, Sr, P, and Ti. They have higher W concentrations and Rb/Sr ratios, and 
lower Nb/Ta, Zr/Hf, and K/Rb ratios than the contemporary W-barren granitoids in NE China. These 
geochemical characteristics and negative zircon εHf(t) values (− 17.7 to − 8.6), as well as old two-stage model 
ages (TDM2 = 1807–2378 Ma), suggest that the monzogranites were derived as a product of the partial melting of 
the Paleoproterozoic lower crust and subsequently underwent extreme fractional crystallization. Geochrono
logical and geochemical evidence collectively suggest that the W mineralization in the Tantoushan deposit is 
genetically related to the W-bearing monzogranites, and extreme fractional crystallization was essential for W 
enrichment in the granitic magma. In contrast, Triassic W-barren granitoids did not induce W mineralization, 
probably because of their low fractionated signatures. We preliminarily demonstrate that an isovalent substi
tution mechanism of 4A(Fe, Mn)2+

+ 8BW6+
+

B□ ↔ 3AM3+
+

AN4+
+ 7B(Nb, Ta)5+

+ 2BN4+ played a critical 
role in the formation of hydrothermal wolframite in the Tantoushan deposit, and the trace elements compositions 
of wolframite were controlled by both the crystallochemical parameters and composition of the initial hydro
thermal fluids. In the context of the regional geology, we propose that the Tantoushan monzogranites and 
corresponding W mineralization were formed in a post-collision extensional setting controlled by the closure of 
the Paleo-Asian Ocean during the Late Triassic. In combination with previous studies, we suggest that NE China 
may have enormous potential for Triassic W mineralization and the Triassic highly fractionated granitoids 
distributed on both sides of the Solonker-Xar Moron-Changchun Fault represent potential targets for future 
exploration of additional W resources.   
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1. Introduction 

NE China, tectonically known as the Xing-Meng Orogenic Belt 
(XMOB), comprises the main part of the eastern segment of the Central 
Asian Orogenic Belt (CAOB) and represents one of the most important 
polymetallic metallogenic provinces in China (Zeng et al., 2011, 2012, 
2015a; Ouyang et al., 2013, 2015; Wang et al., 2021; Xie et al., 2021a, 
2021b) (Fig. 1). Numerous W deposits have been discovered in this re
gion, demonstrating its significant W metallogenic potential (Ouyang 
et al., 2015; Zeng et al., 2015b; Liu et al., 2016; Wang et al., 2017, 
2020a, 2021; Zhang et al., 2017a; Gao et al., 2019; Xie et al., 2021b). To 
date, NE China is known to host 4 large, 18 medium, and 17 small W 
deposits (Fig. 1c). These deposits have a combined total resource of 
>0.62 Mt. (Xie et al., 2021b). Three W belts were distinguished based on 
the spatial distribution of W deposits, namely the northern and central 
Great Xing'an Range W belt, the southern Great Xing'an Range W belt 
(SGB), and the Lesser Xing'an-Zhangguangcai Range W belt, respectively 
(Wang et al., 2021; Xie et al., 2021b) (Fig. 1c). Geochronologically, three 
episodes of W mineralization were recognized in this region, including 
Triassic (240–250 Ma), Early–Middle Jurassic (170–200 Ma), and Late 
Jurassic–Early Cretaceous (125–160 Ma) (Xie et al., 2021b). Previous 
studies have mainly focused on the Jurassic and Early Cretaceous W 
mineralization (Shao et al., 2011; Yang et al., 2012, 2013, 2019; Hao 
et al., 2013; Zeng et al., 2015b; Guo et al., 2016; Li et al., 2016a, 2016b; 
Xiang et al., 2016a, 2016b, 2018; Chen et al., 2017; Shang et al., 2017; 
Wang et al., 2018, 2020a; Gao et al., 2019; Xie et al., 2022b). In contrast, 
only a few studies have been conducted on Triassic W deposits (Zhao, 
2014; Peng et al., 2015). This knowledge gap impedes our understand
ing of the regional W metallogeny. In addition, the W deposits in NE 
China are often spatially associated with Mesozoic granitic intrusions 
(Hu et al., 2006, 2014; Guo et al., 2014; Jiang et al., 2016; Yang et al., 
2016; Zhang et al., 2016; Wang et al., 2017, 2021; Fei et al., 2018; Li 
et al., 2019; Xie et al., 2022b). However, owing to a paucity of studies 
carried out on the Triassic W-bearing granites, their petrogenesis and 
relation to W mineralization remains poorly understood. In most cases, 
spatially associated granitoids are interpreted to be the sources of ore- 
forming materials (e.g., Refy, 1997; Audétat et al., 2000; Webster 
et al., 2004; Hulsbosch et al., 2016; Korges et al., 2018; Pan et al., 2019; 
Li et al., 2020). In contrast, another perspective is that the spatially 
related granitoids may have only served as the country rocks of W de
posits and are not genetically related to W mineralization (e.g., Dewaele 
et al., 2016; Lecumberri-Sanchez et al., 2017; Cao et al., 2018a; Yuan 
et al., 2018; Xiong et al., 2020; Feng et al., 2021; Li et al., 2021b). 
Advanced by recent developments in in situ U-Pb dating and geochem
ical analytical techniques on wolframite, it is now possible to constrain 
the age of W mineralization in great precision and understand the metal 
precipitation process in great details (e.g., Harlaux et al., 2018; Zhang 
et al., 2018; Deng et al., 2019; Tang et al., 2020; Xiong et al., 2020; Yang 
et al., 2020, 2022; Carr et al., 2021; Li et al., 2021b; Xie et al., 2022a). In 
combination with the geochronology and geochemistry methods used 
for W-bearing granites, the genetic link between the W-bearing granites 
and W mineralization can now be addressed. This approach is particu
larly important in the context of NE China, where the Triassic W-bearing 
and W-barren granitoids commonly coexist and the difference between 
their geochemical signatures remains ambiguous due to limited number 
of studies. 

It is well understood that the tectonic evolution of NE China was 
critical for the spatial and temporal distribution of W deposits and 
related granites. Romer and Kroner (2016) conclude that different tec
tonic settings might have led to the input of mantle melt or the 
emplacement of ultrahigh-temperature metamorphic rocks. These were 
essential for metal extraction from the source rocks and thus played a 
critical role in controlling the discontinuous distribution of W mineral
ization within metallogenic belts. However, the tectonic setting of NE 
China during the Triassic is still debated. Although researchers generally 
agree that the disappearance of the Paleo-Asian Ocean (PAO) occurred 

along the Solonker-Xar Moron-Changchun Fault (SXCF), the closure 
time of the PAO remains controversial (Eizenhöfer et al., 2014; Liu et al., 
2017). There are two different suggestions, including a widely accepted 
one which suggests the closure occurred during the Late Permian to 
Early Triassic (Zhai and Santosh, 2013; Xiao and Santosh, 2014; Han 
et al., 2015; Liu and Nie, 2015; Wilde, 2015), and the another which 
dates the closure to the pre-Permian period (Zhang et al., 2008b; Shi 
et al., 2010; Xu et al., 2013a; Li et al., 2014b; Xu et al., 2015). These two 
different suggestions lead to two different scenarios of tectonic setting 
for the Triassic W mineralization and magmatism. Hence, determining 
the tectonic setting of Triassic W-related granites and associated W de
posits is important to understand the petrogenesis of W-related granitic 
magmatism and the genesis of W deposits at a regional scale, providing 
novel guidelines for future W exploration. 

The Tantoushan W deposit, located on the southern margin of the 
XMOB, is a typical quartz-wolframite vein-type deposit. It represents an 
important hydrothermal W mineralization event. W mineralization oc
curs mainly in veins and veinlets within monzogranites. However, 
owing to the paucity of detailed petrographic, geochronological, and 
geochemical studies, the precise age of magmatism and mineralization, 
petrogenesis of monzogranite, and the possible genetic link between 
magmatism and W mineralization remain unclear. In this contribution, 
we report a high-quality zircon U-Pb age, whole-rock geochemical data, 
and zircon Hf isotope compositions of the W-bearing monzogranites, as 
well as in situ U-Pb age and geochemical data of wolframite. The aims of 
this study are to: (1) precisely constrain the timing of monzogranite 
emplacement and W mineralization; (2) decipher the petrogenesis of the 
Tantoushan W-bearing monzogranite and its geochemical differences as 
compared with contemporary W-barren granitoids in NE China; (3) 
examine the factors controlling the trace element compositions of 
wolframite; and (4) clarify the genetic link between the W-bearing 
monzogranites and W mineralization in the Tantoushan deposit. In 
combination with previous studies, we further constrain the metal
logenic tectonic settings of NE China in the Late Triassic and provide 
new guidelines for future W exploration in the region. 

2. Geological setting 

NE China is composed of a collage of microcontinental blocks, 
including, from northwest to southeast, the Erguna Block, Xing'an Block, 
Songliao-Xilinhot Block, Khanka-Jiamusi Block, and the Liaoyuan 
Terrane in the southernmost areas (Wu et al., 2011; Liu et al., 2017) 
(Fig. 1). The Xinlin-Xiguitu Fault represents the boundary between the 
Erguna and Xing'an blocks, the Hegenshan-Heihe Fault separates the 
Xing'an and Songliao-Xilinhot blocks, the Mudanjiang Fault represents 
the boundary between the Songliao-Xilinhot and Khanka-Jiamusi 
blocks, and the SXCF is generally considered as the boundary between 
the Songliao-Xilinhot Block and Liaoyuan Terrane (Wu et al., 2011; Liu 
et al., 2017) (Fig. 1). Throughout the Phanerozoic, the XMOB underwent 
complex tectonic-magmatic evolutionary processes that involved mul
tiple stages of accretion and collision (Sengör et al., 1993). During the 
Paleozoic, the XMOB was controlled by the PAO tectonic regime, which 
led to the amalgamation of several microcontinental blocks, multi-arc 
systems, and accretionary complexes (Wu et al., 2011; Xiao and San
tosh, 2014; Zhang et al., 2022). After the scissor-type closure of the PAO 
that occurred during the Late Permian–Middle Triassic period along the 
SXCF, the microcontinental blocks of NE China amalgamated. The North 
China Craton (NCC) collided with the Siberian Craton (SC) along the 
northern margin after the closure of the Mongol-Okhotsk Ocean from 
the latest Early Mesozoic to the Late Mesozoic in a scissor-like style from 
west to east (Zorin, 1999; Eizenhöfer et al., 2014). Moreover, since the 
Mesozoic, the tectonic regime of NE China was superimposed by the 
northwestern subduction of the Paleo-Pacific Ocean plate beneath the 
Eurasian continent (Wu et al., 2011; Ma et al., 2017). The superimposed 
effects of several tectonic regimes led to the widespread occurrence of 
Mesozoic granitic intrusions and associated deposits (Wu et al., 2011; 
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Fig. 1. (a) simplified tectonic map of the Central Asian Orogenic Belt (modified from Feng et al., 2019; Liu et al., 2017). (b) schematic tectonic map of NE China 
(modified from Wu et al., 2011). (c) distribution of major tungsten deposits in NE China (modified from Zeng et al., 2012). Abbreviations are as follow: NCGB = the 
northern and central Great Xing’an Range W belt; SGB = the southern Great Xing’an Range W belt; LXZB = the Lesser Xing’an-Zhangguangcai Range W belt. 
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Zeng et al., 2012, 2015a; Ouyang et al., 2013, 2015; Liu et al., 2017; 
Wang et al., 2021; Xie et al., 2021b; Chen et al., 2022). 

The SGB, located in the southwestern part of NE China, extends north 
to the Heilongjiang and Jilin provinces and east to the Songliao Basin. 
The northern, southern, and eastern parts of the SGB are bounded by the 
Hegenshan-Heihe, Chifeng-Kangbao, and Nenjiang-Balihan faults, 
respectively (Wang et al., 2021; Xie et al., 2021b) (Fig. 1c). The SGB 
contains early Paleozoic marine sedimentary and late Paleozoic to early 
Mesozoic marine and marine-continental sedimentary units, including 
the Permian Dashizhai, Zhesi, and Linxi formations, and the Early 
Triassic Laolongtou formations (IMBGMR, 1991). Widespread Mesozoic 
volcanic rocks have been subdivided, from oldest to youngest, into the 
Manketouebo, Manitu, Baiyingaolao, and Meiletu formations (IMBGMR, 
1991). Voluminous Late Paleozoic to Mesozoic granitic plutons intruded 
into the Paleozoic strata, which were overlain by Mesozoic volcano- 
sedimentary sequences. Recent geochronological data suggest that the 

granitic magmatic events within the SGB occurred in two stages (Wu 
et al., 2011). During the first stage, Late Paleozoic intrusions, comprising 
diorites, tonalites, and granodiorites, were mainly emplaced throughout 
the western part of the region and yielded U-Pb zircon ages of 321–250 
Ma (Fig. 1c). During the second stage, emplacement of Mesozoic gran
ites comprising granodiorites, monzongranites, and granite porphyries 
occurred, evidenced by the zircon U-Pb ages of 150–131 Ma (Wu et al., 
2011; Wan et al., 2019). 

The Narenwula ore field in the southwestern SGB features large-scale 
W polymetallic mineralization (Fig. 2). To date, one large-scale (Nar
enwula) and four middle-scale (Baishitouwa, Shazigou, Sansheng, and 
Tantoushan) W deposits have been discovered, demonstrating signifi
cant W metallogenic potential. In this region, Proterozoic–Early Paleo
zoic leptite, granulite, metasandstone, slate, phyllite, schist, and 
crystalline limestone are locally exposed. The Lower Permian and 
Jurassic strata are widely exposed, comprising intermediate–felsic 

Fig. 2. Simplified geological map of the Narenwula ore field (after IMBGMR, 1991).  
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volcanic rocks, volcaniclastic rocks, and sedimentary clastic rocks 
(IMBGMR, 1991). The intrusive rocks include Late Permian, Triassic, 
Early-Middle Jurassic, and Late Jurassic granitic intrusions. The Late 
Permian felsic intrusive rocks intruded into the Proterozoic–Early 
Paleozoic strata, which mainly include granodiorites and quartz di
orites. A Triassic granitic pluton is locally exposed in the southwestern 
part of this region. The Early–Middle Jurassic granitoids, which 
comprise fine-grained granite and minor biotite granite, occur mainly in 
the western part of the region, with minor occurrences in the eastern 
part. The Late Jurassic granitoids are common in the central and western 
parts of this region and mainly comprise monzogranites and granite 
porphyries (IMBGMR, 1991) (Fig. 2). 

3. Deposit geology 

The Tantoushan quartz-wolframite vein-type deposit (114◦21′E, 
41◦46′N) is located 20 km southwest of Kangbao County (Fig. 2). The 
deposit contains estimated reserves of 16,500 t WO3 with a grade of 
0.343 %. The Lower Permian metamorphic rocks, comprising granitic 
gneiss, monzonite gneiss, mica schist, and magnetite quartzite, are 
locally exposed in the northwestern part of the mining area (Pan, 2010). 
A series of NE- and NNE-trending faults are developed in the district. 
Among them, the NNE-trending faults that develop within the W- 
bearing monzogranite are the main ore-controlling structures, which dip 
to the southeast at an angle of 70–90◦ (Fig. 3). The widespread Late 
Triassic monzogranites in the region are the main host rocks of W 

mineralization in this area (Fig. 3). The monzogranite is red in colour 
and displays a hypidiomorphic granular texture and massive structure 
(Fig. 4a–f). It consists of quartz (1–2.5 mm in length; 30–40 vol%), alkali 
feldspar (1.5–2.5 mm, 25–35 vol%), plagioclase (0.8–1.4 mm; 15–20 vol 
%), and biotite (1–1.5 mm, 5–10 vol%), along with minor accessory 
minerals. 

Eleven ore bodies were identified in the mining district, most of 
which are distributed along the NNE-trending faults (Fig. 3). The ore 
bodies occur as parallel ore-bearing quartz veins, which dip to the SE at 
an angle 70–90◦ and are 60–340 m in length and 0.1–2.7 m in thickness. 
The main ore bodies are named as Nos. 1 and 2, which dip at an angle of 
70–80◦ towards 100–112◦, and are 200–340 m in length and 0.2–2.7 m 
in thickness (Fig. 3). W mineralization occurs as veins and veinlets, with 
a minor amount in dissemination (Fig. 5a–c). The burial depth of the 
main ore veins is relatively small and is controlled by a series of 
exploration trenches. The orebodies are currently mined in an open pit. 
Future exploration work at depth will focus on understanding the ge
netic link between W-bearing monzogranites and W mineralization in 
this area. The main ore minerals are wolframite, pyrite, chalcopyrite, 
galena, sphalerite, and arsenopyrite (Fig. 5f–l). Wolframite is charac
terized by medium- and coarse-grained anhedral to subhedral crystals 
(Fig. 5f). Backscattered electron (BSE) images show that wolframite is 
homogeneous without significant alteration (Fig. 5g). It is often inter
grown with quartz (Fig. 5a, b) and is commonly superimposed by late 
metal sulfides (Fig. 5c). Arsenopyrite appears as rhomboid euhedral 
crystals and is often replaced by chalcopyrite (Fig. 5h). Pyrite is present 

Fig. 3. Sketch geological maps of the Tantoushan W deposit (after Pan, 2010).  
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as coarse-grained euhedral to subhedral crystals. It is often fragmentary 
and replaced by chalcopyrite and sphalerite along fractures and crystal 
margins (Fig. 5i, j). Sphalerite is medium-grained (1–2 mm) with an 
irregular shape and coexists with pyrite, chalcopyrite, and galena 
(Fig. 5j–l). The exsolution texture of the sphalerite-chalcopyrite solid 
solution is common (Fig. 5j, k). Chalcopyrite is fine- (<0.05 mm) to 
medium-grained (1–1.5 mm) and irregularly shaped (Fig. 5j, k). 
Medium-grained chalcopyrite is observed to have replaced sphalerite 
along the margin, indicating that it was formed later than sphalerite and 
fine-grained chalcopyrite (Fig. 5k). Galena is intergrown with 

sphalerite, and the contact boundary between galena and sphalerite is 
commonly smooth (Fig. 5l). The gangue minerals are quartz, K-feldspar, 
sericite, fluorite, epidote, and calcite. Based on a field investigation of 
the crosscutting relationships combined with microscopic observations 
of mineral assemblages and paragenetic sequences, we can divide the 
mineralization of the Tantoushan W deposit into three stages, which are 
stage I of quartz-wolframite, stage II of quartz-polymetallic sulfides, and 
stage III of quartz‑carbonate-fluorite. Stage I mineralization is domi
nated by quartz and wolframite. Stage II is characterized by abundant 
sulfides, including pyrite, galena, sphalerite, chalcopyrite, and 

Fig. 4. Representative photographs for lithologic characteristics of monzogranite (a–f) and wall-rock alteration (g–l) in the Tantoushan W deposit (photomicrographs 
are under crossed-polarized light). (a, b) field outcrop of monzogranite; (c) hand specimen photographs of the monzogranite; (d, e, f) Photomicrographs showing 
hypidiomorphic granular texture of monzogranite; (g) K-feldspathization, silicification, and sericitization; (h) Fluoritization and epidotization; (i) Carbonate and 
quartz veins in altered monzogranite; (j) Carbonate and quartz veins and epidotization in monzogranite; (k) Sericite replacing plagioclase; (l) Plagioclase replaced by 
epidote. Abbreviations: Qtz: quartz; Kfs: potassium feldspar; Pl: plagioclase; Bt: biotite; Ser, sericite; Ep, epidote; Fl, fluorite; Car, carbonate; Py, pyrite. 

W. Xie et al.                                                                                                                                                                                                                                     



Journal of Geochemical Exploration 241 (2022) 107060

7

arsenopyrite. Stage III is the final stage of the hydrothermal activity in 
the Tantoushan deposit. The veins of this stage are mainly composed of 
quartz, carbonate, and fluorite (Fig. 4h–j). 

Different types of alteration are developed in the Tantoushan depo
sit, including silicification, K-feldspathization, sericitization, epidotiza
tion, fluoritization, and carbonatization (Fig. 4g–l). The W 
mineralization is spatially and genetically associated with silicification, 
K-feldspathization, and sericitization. 

4. Sampling and analytical methods 

4.1. Samples 

Nine W-bearing granitic samples were collected from the open pit, 
and the sampling locations are indicated in Fig. 3. All granitic samples 
were prepared as thin sections for microscopic observation of mineral 
assemblages. Then, one granitic sample (TTS-9) was used for zircon U- 
Pb dating and in situ zircon Hf isotope analysis. Seven granitic samples 

Fig. 5. Photographs (a–e), BSE images (g), and photomicrographs (f, h–l) of the Tantoushan ores. (a) The wolframite-bearing quartz ore. (b) Veins of wolframite in 
quartz. (c) The wolframite-pyrite-galena-quartz ore. (d) The chalcopyrite bearing quartz-pyrite ore; (e) The wolframite-pyrite-sphalerite-quartz ore. (f) Coarse- 
grained wolframite is intergrown with quartz. (g) Homogeneous wolframite without significant alteration. (h) arsenopyrite with rhomboid euhedral crystals, and 
replaced by chalcopyrite. (i) Crushed pyrite particles subjected to late stress. (j) Pyrite replaced by chalcopyrite, and sphalerite replacing pyrite along the margin. (k) 
Exsolution texture of sphalerite-chalcopyrite solid solution. Sphalerite replaced by chalcopyrite along the margin. (l) Galena intergrown with sphalerite, and the 
contact boundary between galena and sphalerite is smooth. Abbreviations: Qtz: quartz; Wol: wolframite; Py: pyrite; Gn: galena; Ccp: chalcopyrite; Sp: sphalerite; Apy: 
arsenopyrite. 
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(TTS-10-3, TTS-10-4, TTS-10-5, TTS-10-6, TTS-10-7, TTS-11-1, and TTS- 
11-2) were used for the whole-rock major and trace element analyses. 
We collected ten wolframite ore samples from the open pit and an 
exploratory trench in the ore district, the locations of which are indi
cated in Fig. 3. The samples were prepared into polished probe sections 
for microscopic observations of mineral assemblages. Five wolframite 
samples were used for in situ U-Pb dating and major and trace element 
analyses. To better identify the internal wolframite textures and improve 
the reliability of the analytical data, BSE images of wolframite were 
generated at the Key Laboratory of Mineral Resources, Institute of Ge
ology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, 
China. Wolframite crystals free of internal zoning, micro-inclusions, 
replacement phases, exsolution evidence, and alteration features were 
selected for in situ geochemical analyses. 

4.2. Zircon U-Pb dating 

U-Pb dating of zircon grains from the representative W-bearing 
monzogranite sample TTS-9 from the Tantoushan W deposit was per
formed using laser ablation-inductively coupled plasma-mass spec
trometry (LA-ICP-MS). The selection of zircon grains was carried out at 
the mineral separation laboratory at the Regional Geology Minerals 
Investigation Research Institute, Hebei Province, China, using conven
tional density and magnetic separation techniques coupled with hand
picking under a binocular microscope. Transmitted and reflected 
microscopy images of the zircons were collected to examine the exterior 
structures. In addition, cathodoluminescence (CL) images were collected 
to examine the internal texture of the zircon grains in order to identify 
and select points suitable for U-Pb analyses. 

The selected zircon grains were subjected to LA-ICP-MS analysis at 
the IGGCAS, Beijing. The operating conditions and detailed analytical 
methodology used were similar to those reported by Liu et al. (2010a). 
The analyses were conducted using an Agilent 7700e ICP-MS instrument 
coupled with a GeoLasPro laser. The laser spot size and frequency were 
32 μm and 6 Hz, respectively. Zircon 91,500 was used as an external 
standard and was analyzed twice after every five-sample analyses. 
ICPMSDataCal software was used for quantitative calibration of trace 
element analyses and U-Pb dating (Liu et al., 2010a). The ISOPLOT 
software was used for age calculations and constructions of Concordia 
diagrams (Ludwig, 2003). The analytical data and Concordia plots were 
reported at 1σ errors, while the weighted mean ages were reported at 
confidence levels >95 %. 

4.3. Wolframite in situ U-Pb dating 

The wolframite sample TTS-7-1 was selected for laser ablation-sector 
field-inductively coupled plasma-mass spectrometry (LA-SF-ICP-MS) U- 
Pb analysis. The sample was ablated using a GeoLasPro 193 nm ArF 
excimer laser (CompexPro 102F, Coherent) coupled with a Thermo 
Scientific Element XR SF-ICP-MS at the State Key Laboratory of Ore 
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of 
Sciences, Guiyang, China. A detailed description of the analytical con
ditions and methods can be found in Tang et al. (2020, 2021). The ICP- 
MS data were processed offline using ICPMSDataCal software for cali
brations, background corrections, and floating of the integration signal 
(Liu et al., 2010b). No downhole corrections were made for only the first 
~25 s of ablation data (excluding the initial ~2 s) used in the whole 
process. Isoplot 4.15 was used to calculate the U-Pb ages and generate 
Concordia diagrams. Common Pb corrections were employed using a 
Tera-Wasserburg Concordia or a Tera-Wasserburg Concordia anchored 
through common Pb (Chew et al., 2011). Lower intercept ages were used 
as the timing of mineral precipitation of wolframite (Chew et al., 2011; 
Roberts et al., 2017; Luo et al., 2019). The data uncertainties for the 
isotopic ratios in the studied samples were reported at 1 σ. 

4.4. In situ zircon Hf isotope analyses 

In situ zircon Hf isotope analyses were conducted at the IGGCAS 
using a Thermo Scientific Neptune (Plus) multiple-collector-inductively 
coupled plasma-mass spectrometry (MC-ICP-MS) coupled to a New 
Wave 213 nm solid-state laser ablation system. The laser ablation beam 
had a diameter of 44 μm, laser repetition rate of 10 Hz, and laser energy 
of 10–11 J/cm2. The ablated material was injected into the MC-ICP-MS 
with a high-purity He carrier gas. Details of the instrumental conditions 
and data acquisition protocols have been reported previously (Wu et al., 
2006). The 176Hf/177Hf ratio was normalized to 179Hf/177Hf = 0.7325. 
Hafnium isotopic data were age-corrected using a 176Lu decay constant 
of 1.867 × 10− 11 a− 1 (Söderlund et al., 2004). The εHf(t) values and Hf 
model ages were calculated using methods reported by Bouvier et al. 
(2008) and Griffin et al. (2002), respectively. 

4.5. Major and trace element analyses of monzogranites 

The weathered surfaces of the monzogranite specimens were 
removed and the fresh parts were grounded in an agate mill to a 200- 
mesh size. The concentrations of the major and trace elements were 
determined at the ALS Chemex Center, Guangzhou, China. Major 
element analyses were performed using X-ray fluorescence (XRF) on a 
PANalytical PW2424 instrument (ME-XRF26d analytical package). 
Approximately 0.5 g of crushed whole-rock powder was dissolved in 
fusion with LiNO3 to produce a glass bead for analysis. According to the 
measured values of the GSR-1 standard, the uncertainties were <5 %. 
Trace element concentrations were determined using a PerkinElmer 
Elan 9000 ICP-MS instrument (ME-MS81 analytical package). Approxi
mately 50 mg of crushed whole-rock powder was dissolved in a LiBO2/ 
Li2B4O7 mixture at ~1025 ◦C. The solution was then extracted after 
cooling and diluted with HF, HCl, and HNO3 before the measurement. 
External standards BHVO-1 and G-2 were used to monitor the drift in the 
mass response during measurements. The precision was generally >10 
% for most trace elements. 

4.6. Electron probe microanalysis of wolframite 

Electron probe microanalysis (EPMA) of the wolframite samples 
(TTS-2-1, TTS-4-1, and TTS-7-2) was carried out at the Wuhan Sample 
Solution Analytical Technology Co., Ltd., Wuhan, China. The major and 
minor elemental compositions of wolframite grains were determined 
using a JEOL JXA 8230 EPMA equipped with five wavelength dispersive 
X-ray spectrometers. For major element (W, Fe, Mn) analysis, an ac
celeration voltage of 15 kV, a beam current of 50 nA, and a beam 
diameter of 1 μm were used. Standards included wolframite [W], he
matite [Fe], manganite [Mn], and Nb metal [Nb]. The spectral lines, 
peak times, and off-peak background times used for the WDS analyses 
were W (Lα, 10, 5), Fe (Kα, 10, 5), Mn (Kα, 10, 5), and Nb (Lα, 10, 5). The 
analytical uncertainties were 0.4 wt% for WO3, 0.2 wt% for FeO, 0.1 wt 
% for MnO, and 0.05 wt% for Nb2O5. The detection limits for all the 
analyzed elements were below 0.01 wt%. 

4.7. LA-ICP-MS analyses of wolframite 

LA-ICP-MS analyses of the wolframite samples (TTS-4-2 and TTS-7- 
1) were performed at the Wuhan Sample Solution Analytical Technol
ogy Co., Ltd., Wuhan, China. Laser sampling was performed using a 
GeoLas2005 laser ablation system coupled with an Agilent7700e ICP- 
MS. The instrument settings and operation procedures used herein 
were similar to those described in detail by Xiong et al. (2017) and Liu 
et al. (2008). The time-resolved signal included two intervals: the 
background (20–30 s) and analytic signal (50 s). United States Geolog
ical Survey (USGS) reference glasses (BCR-2G, BIR-1G, and BHVO-2G) 
were used as the calibration standards. No internal standards were 
used, but multiple external standards (Liu et al., 2008) were applied to 
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calculate element concentrations. The elemental concentrations of the 
USGS glasses can be found in the GeoReM database (http://georem.mp 
ch-mainz.gwdg.de/). ICPMSDataCal software (Liu et al., 2008, 2010b) 
was used for offline data processing, including analytical and back
ground signal determinations, sensitivity drift calibrations, and element 
concentration calculations. 

5. Results 

5.1. Zircon U-Pb age 

The zircon U-Pb isotope dating results for the monzogranite sample 
TTS-9 are listed in Table 1. The selected zircon grains for analysis are 
transparent, colourless, euhedral, and prismatic with lengths of 89–180 
μm and length-to-width ratios of 1:1 to 2.5:1. CL images revealed typical 
igneous oscillatory zoning without a core-rim structure in the zircons 
(Fig. 6a). All zircons have high Th/U ratios (0.40–0.67), which are 
indicative of a magmatic origin (Belousova et al., 2002). Sixteen out of 
18 spot analyses yielded a narrow and concordant age grouping, with a 
weighted mean 206Pb/238U age of 233.1 ± 1.8 Ma (1σ, MSWD = 0.41), 
representing the crystallization age of the W-bearing monzogranite 
(Fig. 6b). The two outliers have 206Pb/238U ages of 247.4 Ma (TTS-9-09) 
and 223.9 Ma (TTS-9-14), respectively. 

5.2. Wolframite U-Pb age 

The U-Pb isotope data for wolframite sample TTS-7-1 are listed in 
Table 2. The uncorrected U-Pb data are plotted using the U-Pb Tera- 

Wasserburg diagrams (Fig. 6c). Twenty-four spot analyses show total 
Pb, Th, and U concentrations of 0.23–20.02, 0.09–1.87, and 4.64–33.41 
ppm, respectively. A lower intercept 206Pb/238U age of 234.3 ± 6.2 Ma 
(1σ, MSWD = 0.41) was obtained in the Tera-Wasserburg Concordia 
diagram (Fig. 6c). 

5.3. In situ zircon Hf isotopes 

The zircon Hf isotope data for monzogranite sample TTS-9 are listed 
in Table 3. The results show that the zircon grains have relatively 
consistent Hf isotopic compositions, with initial 176Hf/177Hf ratios 
ranging from 0.282135 to 0.282388, εHf(t) values from − 17.7 to − 8.6, 
and two-stage model ages (TDM2) from 1807 to 2378 Ma. The εHf(t) 
versus age diagram (Fig. 7) reveals that all analyzed zircon spots from 
the monzogranite are plotted below the chondritic uniform reservoir 
line. 

5.4. Whole-rock major and trace elements of monzogranites 

The whole-rock geochemical data are presented in Table 4. The 
monzogranite contains 75.09–78.13 wt% SiO2, 0.38–0.77 wt% CaO, 
0.01–0.02 wt% P2O5, 10.59–12.80 wt% Al2O3, 0.04–0.12 wt% TiO2, 
0.95–1.85 wt% Fe2O3

T, 0.02–0.04 wt% MnO, and 7.45–8.63 wt% K2O +
Na2O. Additionally, these samples contain 0.03–0.12 wt% MgO and had 
Mg# values of 4.50–11.96. As shown in the total alkali versus SiO2 di
agram (Middlemost, 1994), most monzogranite samples are plotted in 
the granite field (Fig. 8a). In the K2O versus SiO2 diagram (Peccerillo and 
Taylor, 1976), the samples are mainly plotted in the high-K calc-alkaline 

Table 1 
Zircon LA-ICP-MS U-Pb dating data for sample TTS-9 from the Tantoushan W deposit.  

Sample 
no. 

Th U Pb Th/ 
U 

207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 

(ppm) (ppm) (ppm)  Ratio 1σ Ratio 1σ Ratio 1σ Ages 
(Ma) 

1σ Ages 
(Ma) 

1σ Ages 
(Ma) 

1σ 

TTS-9- 
01  

242.9  459.7  24.1  0.53  0.05171  0.00222  0.26204  0.01110  0.03667  0.00053  272.3  98.1  236.3  8.9  232.2  3.3 

TTS-9- 
02  

130.0  247.9  13.1  0.52  0.05469  0.00349  0.27236  0.01452  0.03662  0.00075  398.2  175.0  244.6  11.6  231.9  4.7 

TTS-9- 
03  

166.5  315.5  16.8  0.53  0.05288  0.00333  0.26079  0.01383  0.03644  0.00065  324.1  144.4  235.3  11.1  230.7  4.1 

TTS-9- 
04  

163.0  304.0  16.5  0.54  0.05131  0.00302  0.25740  0.01439  0.03654  0.00057  253.8  130.5  232.6  11.6  231.4  3.6 

TTS-9- 
05  

279.0  527.9  30.2  0.53  0.05265  0.00237  0.26644  0.01122  0.03669  0.00059  322.3  101.8  239.8  9.0  232.3  3.7 

TTS-9- 
06  

222.0  398.0  22.8  0.56  0.05156  0.00238  0.25816  0.01115  0.03647  0.00062  264.9  100.9  233.2  9.0  230.9  3.8 

TTS-9- 
07  

150.7  261.9  14.7  0.58  0.05430  0.00321  0.27116  0.01525  0.03669  0.00074  383.4  126.8  243.6  12.2  232.3  4.6 

TTS-9- 
08  

221.7  466.4  24.6  0.48  0.05474  0.00270  0.28148  0.01294  0.03756  0.00058  466.7  111.1  251.8  10.3  237.7  3.6 

TTS-9- 
09  

337.8  794.9  38.4  0.42  0.05392  0.00173  0.29127  0.00867  0.03913  0.00056  368.6  72.2  259.6  6.8  247.4  3.5 

TTS-9- 
10  

177.9  281.3  16.0  0.63  0.05084  0.00260  0.25763  0.01296  0.03644  0.00066  235.3  118.5  232.8  10.5  230.7  4.1 

TTS-9- 
11  

481.5  713.9  43.7  0.67  0.05430  0.00184  0.28168  0.00958  0.03742  0.00047  383.4  75.9  252.0  7.6  236.8  2.9 

TTS-9- 
12  

236.9  543.4  27.1  0.44  0.05545  0.00222  0.27877  0.01064  0.03657  0.00056  431.5  88.9  249.7  8.4  231.5  3.5 

TTS-9- 
13  

121.4  219.9  11.4  0.55  0.05483  0.00430  0.26759  0.01915  0.03627  0.00085  405.6  175.9  240.8  15.3  229.7  5.3 

TTS-9- 
14  

444.5  776.0  43.0  0.57  0.05634  0.00210  0.27583  0.01030  0.03534  0.00048  464.9  78.7  247.3  8.2  223.9  3.0 

TTS-9- 
15  

355.4  880.6  38.5  0.40  0.04958  0.00161  0.25349  0.00836  0.03680  0.00053  176.0  75.9  229.4  6.8  233.0  3.3 

TTS-9- 
16  

280.9  551.4  28.0  0.51  0.05014  0.00221  0.25622  0.01127  0.03688  0.00055  211.2  103.7  231.6  9.1  233.5  3.4 

TTS-9- 
17  

142.8  255.3  13.3  0.56  0.05393  0.00295  0.27041  0.01429  0.03665  0.00068  368.6  124.1  243.0  11.4  232.0  4.2 

TTS-9- 
18  

262.9  609.3  31.7  0.43  0.05563  0.00209  0.28618  0.01007  0.03727  0.00051  438.9  83.3  255.5  8.0  235.9  3.2  
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field (Fig. 8b). On an A/NK (molar Al2O3/(Na2O + K2O)) versus A/CNK 
(molar Al2O3/(CaO + Na2O + K2O)) diagram (Maniar and Piccoli, 
1989), they are plotted as metaluminous to weakly peraluminous rocks 
(Fig. 8c). The monzogranite show ‘seagull’ forms in chondrite- 
normalized rare earth elements (REEs) diagrams (Fig. 9a), containing 
total REE concentrations of 61.65–208.05 ppm, light REEs (LREEs)/ 
heavy REE (HREE) ratios of 3.18–13.49, (La/Yb)N of 1.94–15.95, and 

δEu of 0.05–0.29, revealing weak REE fractionation and a strongly 
negative Eu anomaly. These characteristics are different from those of 
Triassic W-barren granitoids in NE China, but similar to those of highly 
fractionated granites (Miller and Mittlefehldt, 1982, 1984). In the 
primitive-mantle-normalized trace element diagram (Sun and McDo
nough, 1989), all monzogranite samples show enrichment in Rb, Th, U, 
K, and Pb (Fig. 9b). Compared to the Triassic W-barren granitoids, the 

Fig. 6. (a) Cathodoluminescence images of zircons separated from monzogranite sample TTS-9. Red solid circles are the locations of U-Pb analyses and dashed circles 
are the locations of Hf analyses. (b) Zircon U-Pb Concordia diagrams for the monzogranite from the Tantoushan deposit. (c) Tera-Wasserburg plots and the lower 
intercepts ages of wolframite samples TTS-7-1 from the Tantoushan deposit. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Table 2 
LA-SF-ICP-MS U-Pb isotope data of the wolframite sample TTS-7-1 from the Tantoushan W deposit.  

Sample Pb Th U 207Pb/206Pb 207Pb/235U 206Pb/238U Rho 238U/206Pb 207Pb/206Pb 

ppm Ratio 1sigma Ratio 1sigma Ratio 1sigma Ratio Percent Ratio Percent 

TTS-7-1-01  4.30  0.17  4.64  0.73854  0.02073  27.53913  7.09410  0.26325  0.01717  0.25327  3.305  6.524  0.739  2.807 
TTS-7-1-02  20.02  1.67  25.38  0.76286  0.00939  23.96070  5.98550  0.22634  0.00706  0.12481  3.844  3.118  0.763  1.231 
TTS-7-1-03  13.45  1.08  19.35  0.76011  0.01308  21.87500  5.45881  0.20829  0.00585  0.11255  4.177  2.809  0.760  1.720 
TTS-7-1-04  3.59  0.66  11.77  0.59142  0.01538  9.34305  2.38373  0.11035  0.00568  0.20159  7.884  5.143  0.591  2.601 
TTS-7-1-05  3.79  1.87  15.70  0.57924  0.01089  6.58442  1.64377  0.08254  0.00230  0.11154  10.541  2.785  0.579  1.881 
TTS-7-1-06  1.10  0.36  6.18  0.49346  0.01754  4.52635  1.13135  0.06905  0.00208  0.12031  12.600  3.007  0.493  3.555 
TTS-7-1-07  2.00  0.51  11.98  0.45976  0.01167  4.36061  1.09213  0.06860  0.00201  0.11693  12.681  2.929  0.460  2.538 
TTS-7-1-08  0.97  0.23  6.17  0.35818  0.02833  2.87517  0.76385  0.05188  0.00238  0.17282  16.771  4.591  0.358  7.910 
TTS-7-1-09  1.17  0.21  13.38  0.29362  0.01515  2.00455  0.50921  0.04905  0.00164  0.13144  17.738  3.339  0.294  5.159 
TTS-7-1-10  3.21  0.44  33.41  0.32873  0.01007  2.18600  0.54521  0.04836  0.00060  0.04998  17.988  1.246  0.329  3.062 
TTS-7-1-11  0.78  0.49  10.51  0.25179  0.01115  1.40139  0.34991  0.04245  0.00099  0.09298  20.493  2.322  0.252  4.428 
TTS-7-1-12  0.92  0.49  13.48  0.24124  0.00829  1.37098  0.34375  0.04180  0.00112  0.10651  20.814  2.670  0.241  3.437 
TTS-7-1-13  0.39  0.13  7.43  0.08459  0.00654  0.41960  0.10822  0.03791  0.00117  0.11984  22.948  3.091  0.085  7.732 
TTS-7-1-14  0.79  0.38  16.89  0.10672  0.00472  0.52810  0.13264  0.03669  0.00081  0.08829  23.710  2.218  0.107  4.426 
TTS-7-1-15  0.23  0.09  4.95  0.08123  0.00870  0.35930  0.09527  0.03669  0.00137  0.14097  23.710  3.738  0.081  10.705 
TTS-7-1-16  0.59  0.23  12.13  0.10223  0.00687  0.50009  0.12743  0.03645  0.00078  0.08435  23.865  2.149  0.102  6.725 
TTS-7-1-17  0.52  0.24  10.33  0.12991  0.00751  0.64716  0.16514  0.03596  0.00097  0.10588  24.197  2.702  0.130  5.781 
TTS-7-1-18  0.53  0.22  10.24  0.13674  0.00710  0.65785  0.16707  0.03565  0.00103  0.11398  24.407  2.895  0.137  5.190 
TTS-7-1-19  0.58  0.31  13.01  0.08281  0.00653  0.37133  0.09504  0.03517  0.00090  0.09961  24.738  2.550  0.083  7.890 
TTS-7-1-20  0.91  0.36  21.32  0.09076  0.00496  0.41112  0.10334  0.03433  0.00073  0.08508  25.339  2.139  0.091  5.465 
TTS-7-1-21  0.57  0.24  13.63  0.06577  0.00491  0.30035  0.07741  0.03416  0.00088  0.09977  25.466  2.571  0.066  7.463 
TTS-7-1-22  0.37  0.12  8.03  0.07479  0.00624  0.34887  0.09119  0.03412  0.00095  0.10672  25.495  2.790  0.075  8.345 
TTS-7-1-23  0.52  0.23  11.71  0.10600  0.00685  0.48185  0.12250  0.03401  0.00083  0.09647  25.580  2.453  0.106  6.460 
TTS-7-1-24  0.58  0.20  13.60  0.09498  0.00650  0.42522  0.10879  0.03356  0.00084  0.09824  25.921  2.513  0.095  6.846  
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samples exhibit stronger negative Ba, Sr, P, and Ti anomalies (Fig. 9b). 

5.5. In situ major and trace element compositions of wolframite 

The chemical compositions of wolframite from the Tantoushan W 
deposit determined using EPMA are listed in Table S1. The wolframite 
trace element concentrations measured using LA-ICP-MS are listed in 
Table S2. 

The wolframite samples contain 75.30–76.98 wt% WO3, 8.59–15.80 
wt% FeO, 7.69–14.89 wt% MnO, and 0.03–0.42 wt% Nb2O5 (Table S1). 
They have relatively uniform Mn/(Mn + Fe) ratios of 0.33–0.64 
(Fig. 10a). The wolframite samples are characterized by variable trace 
element compositions. Five elements with contents near or above 10 
ppm were detected, namely Sc of 5.79–25.75 ppm (average 14.35 ppm), 
Zn of 21.91–138.75 ppm (average 56.08 ppm), Y of 4.33–44.39 ppm 
(average 15.99 ppm), Zr of 8.91–30.40 ppm (average 15.27 ppm), and 
Nb of 26.69–1832.34 ppm (average 240.04 ppm). The V, Cr, Ni, Sn, Dy, 
Er, Yb, Ta, and U contents are <10 ppm, and the rest of trace elements 
are <1 ppm in content (Table S2). The total REE concentrations of 
wolframite range from 4.79 to 36.96 ppm. All samples have very low 
LREE concentrations (0.04–1.23 ppm) and relatively high HREE con
centrations (4.75–36.18 ppm). All REE patterns for the wolframite 
sample normalized to the upper continental crust (UCC from Rudnick 

and Gao, 2003) display similar signatures with a common preferential 
enrichment in HREEs relative to LREEs (Fig. 11a). In the UCC- 
normalized trace element diagram, all the wolframite samples display 
similar trace element signatures with relative enrichments in U, Nb, Ta, 
Sc, Sn, and Zn, and relative depletions in Rb, Ba, K, Sr, Hf, and Ti 
(Fig. 11b). 

6. Discussion 

6.1. Timing of granitic magmatism and W mineralization 

Constraints on the timing and duration of magmatic-hydrothermal 
events are crucial for understanding ore deposit formation from both 
academic and economic viewpoints (Stein, 2014). Accurate isotopic 
dating of hydrothermal minerals is a vital tool for determining the 
timing of hydrothermal activity relative to intrusive magmatism, which 
is critical for constructing genetic models of hydrothermal deposits (Li 
et al., 2021b). Wolframite collected from hydrothermal quartz veins in 
quartz vein-type W deposits can represent the main product of hydro
thermal activity and is therefore proposed as a U-Pb geochronometer for 
direct dating of W mineralization events (Carr et al., 2021). In recent 
years, wolframite in situ U-Pb geochronology has been successfully 
applied to constrain the absolute timing and duration of W-forming 

Table 3 
Hf isotopic compositions of zircons from sample TTS-9 in the Tantoushan W deposit.  

Sample no. 176Hf/177Hf 2σ 176Lu/177Hf 2σ 176Yb/177Hf 2σ Age (Ma) εHf(0) εHf(t) TDM1 TDM2 fLu/Hf 

TTS-9-01  0.282343  0.000022  0.000762  0.000016  0.025748  0.0004  232.2  − 15.2  − 10.2  1276  1908  − 0.98 
TTS-9-02  0.282369  0.000026  0.000627  0.000002  0.020226  0.0001  231.9  − 14.3  − 9.3  1235  1849  − 0.98 
TTS-9-03  0.282375  0.000023  0.000584  0.000001  0.019007  0.0002  230.7  − 14.0  − 9.1  1225  1835  − 0.98 
TTS-9-04  0.282335  0.000020  0.000705  0.000007  0.022357  0.0001  231.4  − 15.5  − 10.5  1285  1926  − 0.98 
TTS-9-05  0.282284  0.000021  0.000746  0.000006  0.022079  0.0001  232.3  − 17.3  − 12.3  1357  2039  − 0.98 
TTS-9-06  0.282314  0.000020  0.000803  0.000001  0.026400  0.0002  230.9  − 16.2  − 11.3  1317  1974  − 0.98 
TTS-9-07  0.282364  0.000018  0.000546  0.000013  0.016722  0.0004  232.3  − 14.4  − 9.4  1239  1858  − 0.98 
TTS-9-08  0.282297  0.000018  0.000805  0.000003  0.025534  0.0001  237.7  − 16.8  − 11.7  1341  2008  − 0.98 
TTS-9-09  0.282359  0.000018  0.000786  0.000012  0.023665  0.0005  247.4  − 14.6  − 9.3  1255  1864  − 0.98 
TTS-9-10  0.282330  0.000022  0.000675  0.000004  0.022703  0.0002  230.7  − 15.6  − 10.7  1290  1936  − 0.98 
TTS-9-11  0.282264  0.000025  0.001100  0.000012  0.032549  0.0003  236.8  − 18.0  − 12.9  1397  2084  − 0.97 
TTS-9-12  0.282135  0.000045  0.001526  0.000052  0.044943  0.0015  231.5  − 22.5  − 17.7  1596  2378  − 0.95 
TTS-9-13  0.282388  0.000024  0.000542  0.000007  0.018250  0.0003  229.7  − 13.6  − 8.6  1206  1807  − 0.98 
TTS-9-14  0.282325  0.000026  0.000806  0.000011  0.024110  0.0003  223.9  − 15.8  − 11.0  1303  1954  − 0.98 
TTS-9-15  0.282312  0.000019  0.001054  0.000011  0.030816  0.0002  233.0  − 16.3  − 11.3  1328  1978  − 0.97 
TTS-9-16  0.282362  0.000022  0.000822  0.000007  0.025923  0.0004  233.5  − 14.5  − 9.5  1251  1865  − 0.98 
TTS-9-17  0.282369  0.000027  0.000809  0.000013  0.024562  0.0002  232.0  − 14.2  − 9.3  1240  1849  − 0.98 
TTS-9-18  0.282247  0.000027  0.000940  0.000021  0.027504  0.0007  235.9  − 18.6  − 13.5  1415  2121  − 0.97  

Fig. 7. εHf(t) versus age (t) diagrams for the monzogranite from the Tantoushan W deposit and Mesozoic W-mineralized granitoids in NE China. Data for the 
Mesozoic W-mineralized granitoids in NE China are listed in Table S3. 
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Table 4 
Major (wt%) and trace element (ppm) compositions of monzogranites from the Tantoushan W deposit.  

Sample TTS-10-3 TTS-10-4 TTS-10-5 TTS-10-6 TTS-10-7 TTS-11-1 TTS-11-2 

Lithology Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite 

SiO2  75.72  75.49  75.09  76.45  78.13  76.94  77.37 
Al2O3  12.60  12.80  12.71  12.06  10.59  12.62  12.38 
Fe2O3

T  1.75  1.26  1.76  1.84  1.85  0.95  1.10 
FeOT  1.57  1.13  1.58  1.66  1.66  0.85  0.99 
CaO  0.77  0.60  0.67  0.57  0.64  0.38  0.40 
MgO  0.12  0.03  0.10  0.11  0.07  0.03  0.03 
K2O  4.30  4.67  5.02  4.31  4.65  4.53  4.45 
Na2O  3.73  3.96  3.58  3.56  2.80  3.87  3.77 
TiO2  0.12  0.05  0.11  0.12  0.09  0.04  0.04 
MnO  0.03  0.02  0.04  0.04  0.04  0.02  0.03 
P2O5  0.02  0.01  0.02  0.02  0.01  0.01  0.01 
Mg#  11.96  4.50  10.12  10.59  6.97  5.89  5.13 
σ  1.97  2.29  2.30  1.85  1.58  2.08  1.97 
A/NK  1.17  1.11  1.12  1.15  1.10  1.12  1.12 
A/CNK  1.03  1.01  1.01  1.04  0.98  1.06  1.05 
Na2O/K2O  0.87  0.85  0.71  0.83  0.60  0.85  0.85 
Na2O + K2O  8.03  8.63  8.60  7.87  7.45  8.40  8.22 
LOI  0.58  0.60  0.54  0.41  0.53  0.76  0.65 
La  47.60  17.30  46.90  46.20  37.10  10.30  15.30 
Ce  90.60  37.20  95.40  91.40  80.50  25.20  37.80 
Pr  9.43  4.31  10.00  9.94  8.99  2.53  4.20 
Nd  27.60  15.90  30.40  30.60  29.20  8.00  13.80 
Sm  4.92  4.36  6.28  6.21  7.43  2.20  3.73 
Eu  0.40  0.12  0.30  0.27  0.15  0.09  0.06 
Gd  3.74  4.89  4.82  4.72  7.61  2.21  3.81 
Tb  0.61  0.99  0.85  0.81  1.48  0.47  0.81 
Dy  3.37  6.08  4.76  4.53  9.41  3.22  5.51 
Ho  0.72  1.38  1.02  0.96  2.13  0.79  1.41 
Er  2.12  4.53  3.07  2.84  6.95  2.58  4.60 
Tm  0.33  0.77  0.50  0.44  1.19  0.43  0.80 
Yb  2.14  5.21  3.23  2.88  7.94  3.12  5.66 
Lu  0.35  0.81  0.52  0.48  1.35  0.51  0.94 
Y  26.30  56.20  39.20  33.00  94.50  33.60  56.70 
Rb  314.00  381.00  388.00  369.00  430.00  386.00  424.00 
Sr  59.50  15.50  43.10  41.20  21.20  8.60  8.20 
Ba  163.00  32.60  181.50  112.00  67.50  28.00  22.30 
U  3.82  5.45  4.31  3.95  12.35  9.28  7.21 
Th  47.50  52.70  56.00  45.30  56.40  29.60  30.80 
Nb  21.40  44.70  35.30  33.10  41.20  38.00  38.90 
Ta  2.16  4.20  3.64  3.47  5.13  3.82  4.88 
Zr  177.00  138.00  185.00  167.00  233.00  123.00  149.00 
Hf  5.30  5.70  6.20  5.30  9.30  5.70  7.10 
Li  65.20  48.10  69.50  76.90  90.40  47.10  78.80 
V  8.00  5.00  7.00  11.00  5.00  34.00  5.00 
Cr  20.00  20.00  30.00  30.00  20.00  20.00  20.00 
Co  1.20  0.40  1.10  1.10  0.70  0.40  0.30 
Ni  1.00  1.00  1.10  1.30  1.40  1.30  1.10 
Ga  25.20  25.80  26.00  25.50  23.70  25.30  26.50 
Cs  8.17  10.30  11.40  12.20  21.40  8.14  11.75 
Sc  0.60  0.40  0.80  0.80  0.70  0.70  0.70 
Ag  0.01  0.01  0.01  0.01  0.01  0.01  0.01 
Cu  0.20  0.20  0.20  0.20  0.20  0.20  0.20 
Mo  1.43  1.64  1.46  1.48  2.04  1.08  1.29 
Pb  36.80  52.40  41.70  40.20  44.40  48.00  44.80 
Sn  6.00  10.00  8.00  10.00  16.00  8.00  13.00 
Zn  45.00  30.00  52.00  61.00  59.00  26.00  37.00 
W  11.20  12.60  10.00  9.60  8.60  10.60  8.00 
∑

REE  193.93  103.85  208.05  202.28  201.43  61.65  98.43 
LREE/HREE  13.49  3.21  10.08  10.45  4.29  3.62  3.18 
(La/Yb)N  15.95  2.38  10.42  11.51  3.35  2.37  1.94 
δEu  0.29  0.08  0.17  0.15  0.06  0.12  0.05 
Sr/Y  2.26  0.28  1.10  1.25  0.22  0.26  0.14 
Th/Yb  22.20  10.12  17.34  15.73  7.10  9.49  5.44 
Ta/Yb  1.01  0.81  1.13  1.20  0.65  1.22  0.86 
Ta/Nb  0.10  0.09  0.10  0.10  0.12  0.10  0.13 
Nb/Yb  10.00  8.58  10.93  11.49  5.19  12.18  6.87 
Lu/Yb  0.16  0.16  0.16  0.17  0.17  0.16  0.17 
Rb/Sr  5.28  24.58  9.00  8.96  20.28  44.88  51.71 
La/Sm  9.67  3.97  7.47  7.44  4.99  4.68  4.10 
Zr/Hf  33.40  24.21  29.84  31.51  25.05  21.58  20.99 
Ti/Zr  4.06  2.17  3.56  4.31  2.32  1.95  1.61 
Ti/Y  27.35  5.33  16.82  21.80  5.71  7.14  4.23 
Nb/Ta  9.91  10.64  9.70  9.54  8.03  9.95  7.97 

(continued on next page) 
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magmatic-hydrothermal systems (Deng et al., 2019; Tang et al., 2020; 
Yang et al., 2020; Li et al., 2021b; Yang et al., 2022). 

In this study, in situ U-Pb dating of wolframite from the Tantoushan 
deposit yielded a lower intercept 206Pb/238U age of 234.3 ± 6.2 Ma (1σ, 
MSWD = 0.41) (Fig. 6c). The zircon U-Pb age of the W-bearing mon
zogranite indicates that the intrusion was emplaced at 233.1 ± 1.8 Ma 
(1σ, MSWD = 0.41) (Fig. 6b). The similarity of these ages indicates that 
the Late Triassic W mineralization in the Tantoushan deposit was syn
chronous with and genetically related to the W-bearing monzogranite, 
supporting a Late Triassic intrusive-related origin for the deposit. 

By collecting published geochronological data of W deposits in NE 
China, Xie et al. (2021b) concluded that there are three periods of W 

mineralization events: Triassic (240–250 Ma), Early–Middle Jurassic 
(170–200 Ma), and Late Jurassic–Early Cretaceous (125–160 Ma). W- 
related granitic magmatism in NE China began in the Early Triassic and 
peaked in the Late Jurassic–Early Cretaceous (Xie et al., 2021b). Pre
vious studies mainly focused on the Jurassic and Early Cretaceous 
granitic magmatism and associated W mineralization. In contrast, only a 
few studies focused on the Triassic deposits, limiting our understanding 
of regional tectonic-magmatic-hydrothermal events. To date, only two 
W deposits have been interpreted to be of Triassic age, including the 
Shazigou W-Mo deposit and Yangjingou W deposit. Peng et al. (2015) 
reported a molybdenite weighted mean Re-Os age (243.8 ± 1.6 Ma) 
from five molybdenite samples from the Shazigou W-Mo deposit. Zhao 

Table 4 (continued ) 

Sample TTS-10-3 TTS-10-4 TTS-10-5 TTS-10-6 TTS-10-7 TTS-11-1 TTS-11-2 

Lithology Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite 

Zr/Nb  8.27  3.09  5.24  5.05  5.66  3.24  3.83 
Dy/Yb  1.57  1.17  1.47  1.57  1.19  1.03  0.97 
La/Yb  22.24  3.32  14.52  16.04  4.67  3.30  2.70 
U/Th  0.08  0.10  0.08  0.09  0.22  0.31  0.23 
K/Rb  113.68  101.75  107.40  96.96  89.77  97.42  87.12 
Y/Ho  36.53  40.72  38.43  34.38  44.37  42.53  40.21 
R1  2665.38  2496.04  2508.53  2769.73  3072.42  2665.22  2744.27 
R2  336.47  317.75  326.94  303.94  280.49  290.67  288.08 
TZr(◦C)  821  819  819  825  822  827  827  

Fig. 8. (a) TAS (total alkali silica) diagram (after Middlemost, 1994). (b) K2O versus SiO2 diagram (after Peccerillo and Taylor, 1976). (c) A/NK versus A/CNK 
diagram (after Maniar and Piccoli, 1989). (d) Rb-Ba-Sr diagram (after EI Bouseily and EI Sokkary, 1975). Abbreviations are as follow: HFGs = highly fractionated 
granites; NGs = normal granites. 
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(2014) reported a zircon U-Pb age of 249.4 ± 2.7 Ma for the granodio
rite and a muscovite 40Ar-39Ar age of 230.8 ± 1.2 Ma for the Yangjingou 
W deposit. It is noteworthy that the Shazigou W-Mo, Yangjingou W, and 
Tantoushan W deposits are all located along the SXCF, which may 
correspond to a tectonic setting of the closure of the PAO during the 
Triassic. These isotopic ages may elucidate the intensive and extensive 
Triassic tectonic-magmatic activities in the region. Therefore, not only 
the Jurassic and Early Cretaceous W mineralization pervasive in NE 
China but also the Triassic W mineralization events are prevalent during 
the Mesozoic. Discovery of Triassic W deposits in NE China, particularly 
along both sides of the SXCF, represents future prospecting potential. 

6.2. Petrogenesis of the W-bearing monzogranites 

Granitic rocks are generally divided into S-, I-, and A-types, mainly 
according to their protolith nature and associated tectonic setting 
(Whalen et al., 1987; Chappell, 1999). The Tantoushan monzogranites 
show petrological and geochemical characteristics of I-type granitoids 
(Chappell and White, 1992). These features include: (1) abundance of 
biotite (5–10 vol%) and absence of muscovite, cordierite, or mafic 
alkaline minerals, such as arfvedsonite and riebeckite; (2) metaluminous 
to weakly peraluminous composition with A/CNK ratios of 0.98–1.06 
(Fig. 8c); (3) relatively low contents of Zr + Nb + Ce + Y (<350 ppm), 
K2O + Na2O (7.45–8.63 wt%), Zr (123–233 ppm), Ce (25.20–95.40 
ppm), Y (26.30–94.50 ppm), Zn (26–61 ppm), and low values of (K2O +
Na2O)/CaO (10.43–22.11) and 10,000 × Ga/Al (<2.6) (Fig. 12), which 
are not typical of A-type granites (Whalen et al., 1987); and (4) low 
concentrations of P2O5 (<0.10 wt%) that are similar to those of I-type 
granites and inconsistent with those of S-type granites (Chappell and 
White, 2001). 

The Tantoushan monzogranites appear to have a common magmatic 
origin, with similar variation trends in major and trace elements and 
zircon Hf isotope compositions. Various models have been proposed for 
the origin of I-type granites, including: (a) fractional crystallization of 
mantle-derived magmas that underplate the lower crust (Manya and 
Maboko, 2016); (b) mixing of mantle- and crust-derived components 
(Keay et al., 1997; Kemp et al., 2007); and (c) partial melting of crustal 
rocks with heat and water input from basaltic magmas emplaced 
beneath the lower crust (Annen et al., 2006; Collins et al., 2016). Sce
nario (a) can be eliminated because experimental studies have shown 
that direct melting of mantle-derived basaltic magma is not capable of 
forming quartz-saturated felsic magma (Campbell et al., 2014). Re
searchers generally agree that if granitic magmas are generated by direct 
fractional crystallization of mantle-derived magma, a complete 

evolutionary sequence of mafic to felsic rocks should have existed (e.g., 
Turner et al., 1992; Mushkin et al., 2003; Litvinovsky et al., 2015). 
However, in the study area, intermediate and felsic rocks are substan
tially more abundant than mafic rocks (Figs. 1c and 2), reflecting an 
unlikely scenario of fractional crystallization. Furthermore, absence of 
mafic microgranular enclaves and mafic compositions in the Tantoushan 
monzogranites excludes the likelihood of scenario (b). 

The Tantoushan monzogranite samples display significant enrich
ment in Rb, Th, U, K, and Pb and pronounced depletion in Ba, Sr, P, Ti, 
and Eu (Fig. 9). In addition, the monzogranite samples contained 
75.30–76.98 wt% SiO2, with MgO contents (0.03–0.12 wt%) and Mg# 

values (4.50–11.96) lower than those of the lower crust (7.24 wt% MgO, 
Mg# = 60.1) (Rudnick and Gao, 2003). The Ti/Zr, Ti/Y, and La/Nb 
ratios of the samples are 1.61–4.31, 4.23–27.35, and 0.27–2.22, 
respectively, comparable to the ratios of typical crust-sourced rocks (Ti/ 
Zr < 20, Ti/Y < 200, and La/Nb = 1.7) (Taylor and McLennan, 1995; 
Wedepohl, 1995). Other geochemical signatures suggestive of crustal 
sources include low Nb/Ta (7.97–10.64), Zr/Hf (20.99–33.40), Nb/U 
(3.34–8.38), and Ta/U (0.41–0.88) ratios, similar to those of crustal 
rocks (Nb/Ta = 11.4, Zr/Hf = 33.0, Nb/U = 12.1, and Ta/U = 1.1) but 
lower than those of mantle-derived rocks (Nb/Ta = 17.8, Zr/Hf = 37, 
Nb/U = 47, and Ta/U = 2.7) (Hofmann et al., 1986; McDonough and 
Sun, 1995; Taylor and McLennan, 1995; Rudnick and Gao, 2003). 
Moreover, studied samples have relatively high Th/Ce (0.50–1.42), Th/ 
La (0.98–3.05), Lu/Yb (0.16–0.17), and Rb/Sr (5.28–51.71) ratios, 
which are distinctly higher than those of the primitive mantle (Th/Ce =
0.02–0.05, Th/La = 0.12, Lu/Yb = 0.14–0.15, and Rb/Sr = 0.03–0.047) 
(Sun and McDonough, 1989; Rudnick and Gao, 2003), but similar to the 
values of the crust (Th/Ce ≥ 0.15, Th/La > 0.30, Lu/Yb = 0.16–0.18, 
and Rb/Sr > 0.5) (Sun and McDonough, 1989; Rudnick and Gao, 2003; 
Plank, 2005). In addition to geochemical evidence, the Hf isotope 
composition also suggests a crustal source for the monzogranites. The Hf 
isotope analyses of zircons from the Tantoushan monzogranites have 
negative εHf(t) values ranging from − 17.7 to − 8.6, and old two-stage Hf 
model ages (TDM2(Hf)) in the range of 1807–2378 Ma, indicating their 
derivation from the partial melting of the Paleoproterozoic lower crust 
(Fig. 7), in agreement with earlier findings (Zhao et al., 2005; Peng, 
2015). Zhao et al. (2005) pointed out that the Archean continental crust 
in the northern NCC had been rejuvenated by the underplating of mafic 
magmas at approximately 1.8 Ga, which is likely related to the crato
nization of the NCC. Peng et al. (2015) found that voluminous Paleo
proterozoic mafic dike swarms (2.15–1.89 Ga) exist in the northern 
NCC, and the swarms and related magmatic series could constrain the 
tectonic evolution. The inconsistency between zircon Hf isotopic 

Fig. 9. (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized trace element spider diagrams for the monzogranite from the Tantoushan W 
deposit (normalization values are from Sun and McDonough, 1989). Data of Triassic W-barren granitoids in NE China were shown in Table S4. 
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compositions of the W-bearing monzogranite in Tantoushan and W- 
mineralized granitoids in NE China illustrates that the origin of mon
zogranite is different from the Jurassic and Early Cretaceous W-miner
alized granitoids in NE China, and the latter mainly originated from 

partial melting of juvenile lower crustal materials with εHf(t) and 
TDM2(Hf) ranging from − 2.6 to 18.3 and 1378–303 Ma, respectively 
(Table S3 and Fig. 7). 

Fractional crystallization likely occurred during the formation of 
Tantoushan monzogranites as the samples were plotted into the field of 
highly fractionated granites (EI Bouseily and EI Sokkary, 1975) based on 
Rb, Sr, and Ba contents (Fig. 8d). Moreover, in the (K2O + Na2O)/CaO 
versus Zr + Nb + Ce + Y diagram (Fig. 12a), all samples are plotted in 
the highly fractionated granite field rather than in the unfractionated I- 
and S-type granite field. They also have wide ranges of Zr (123–233 
ppm) and Sm (10.30–47.60 ppm) concentrations, but relatively consis
tent Zr/Nb (3.09–8.27) and La/Sm (3.97–9.67) ratios (Allègre and 
Minster, 1978), which indicates that the magma underwent extreme 
fractional crystallization. In the chondrite-normalized REE patterns, 
significantly negative Eu anomalies (Eu/Eu* = 0.05–0.29) reflect frac
tional crystallization of plagioclase and/or K-feldspar (Fig. 9a). In the 
primitive mantle-normalized trace element diagrams (Fig. 9b), pro
nounced depletions in Ba, Sr, P, and Ti may reflect the separation of 
plagioclase, K-feldspar, Ti-bearing minerals, and apatite. These lines of 
evidence collectively indicate that the parent magmas of the mon
zogranites underwent extensive fractional crystallization. In summary, 
we propose that the monzogranites from the Tantoushan deposit are 
highly fractionated I-type granitoids, which were derived from the 
partial melting of the Paleoproterozoic lower crust and subsequently 
experienced significant fractional crystallization processes. 

6.3. Factors controlling trace element compositions of wolframite 

Wolframite is the most significant W-bearing mineral in quartz- 
wolframite vein-type deposits. Hence, studying the geochemical signa
ture of wolframite provides an efficient approach for revealing the 
delicate wolframite forming processes, which is critical for under
standing W-related magmatic-hydrothermal systems (Harlaux et al., 
2018; Deng et al., 2019; Xiong et al., 2020). 

Wolframite is a typical ABO4 compound with two octahedral sites (A 
and B) (Shannon, 1976). The wolframite structure is versatile and allows 
for multiple isovalent substitutions (Beddoestephens and Fortey, 1981; 
Polya, 1988; Černý and Ercit, 1989; Tindle and Webb, 1989; Tindle 
et al., 1998; Černý et al., 2007; Goldmann et al., 2013; Harlaux et al., 
2018; Deng et al., 2019). Due to similar ionic radii of Fe2+ (0.78 Å) and 
Mn2+ (0.83 Å) in octahedral coordination (Shannon, 1976), the contents 
of Fe and Mn in the wolframite samples show a typical linear trend with 
a slope of − 1.00, indicating an evident substitution of isovalent Fe2+ ↔ 
Mn2+ (Fig. 10b). In the studied samples, the contents of W + Nb and Fe 
+ Mn commonly display a clearly negative correlation (R2 = 0.99) 
(Fig. 10c). Several correlations among the trace elements in wolframite 
are discriminable from binary diagrams. For instance, Fig. S1a shows 
that the Nb and Ta contents of wolframite correlate, indicating that Nb 
and Ta were incorporated together during wolframite crystallization. 
Trivalent cations (Sc3+, V3+, and Y3+) are positively correlated with 
each other (Fig. S1b–d); they also correlate positively with Nb and Ta 
(Fig. S1e–h), implying that these elements were incorporated through a 
similar mechanism during the crystallization of wolframite. These cor
relations between the elements in wolframite, shown in the binary di
agrams, may be explained by the substitution mechanism of Eq. (1) 
(Polya, 1988; Tindle and Webb, 1989): 

A(Fe,Mn)2+ + BW6+ ↔ AM3+ + B(Nb,Ta)5+ (1)  

where M3+ are the trivalent cations (Sc3+, V3+, and Y3+), and A and B 
are the two octahedral sites in wolframite (ABO4; A = Fe2+, Mn2+; B =
W6+). Another substitution reaction (Eq. (2)) was also proposed (Černý 
et al., 2007). This reaction assumes that there are structural vacancies 
(□) that can compensate for each other. 

A(Fe,Mn)2+ + B□+ 3BW6+ ↔ A□+ 4B(Nb,Ta)5+ (2) 

Fig. 10. Chemical variations in major and trace elements in wolframite of the 
Tantoushan W deposit. (a) Mn/(Mn + Fe) versus W diagram; (b) correlation 
between Mn and Fe contents in wolframite; (c) negative correlation between 
(W + Nb) and (Fe + Mn) contents. 
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Tetravalent cations (Ti4+, Sn4+, Zr4+, and Hf4+) are positively 
correlated with each other (Fig. S2a–f) and with trivalent cations (Sc3+, 
V3+, and Y3+) (Fig. S2g–l), indicating that they were likely incorporated 
into the wolframite lattice via a common mechanism. The chemical 
variations described above can be tentatively explained by Eqs. (3) and 
(4) (Tindle and Webb, 1989; Harlaux et al., 2018): 

2A(Fe,Mn)2+ + BW6+ ↔ 2AM3+ + BN4+ (3)  

A□+ BW6+ ↔ A(Fe,Mn)2+ + BN4+ (4)  

where N4+ represents the tetravalent cations (Ti4+, Sn4+, Zr4+, Hf4+). In 
addition, the Nb content of wolframite in this study shows positive 
correlations with Ti, Sn, Zr, and Hf (Figs. S2m–p), implying that these 
elements were also incorporated into the wolframite lattice via a similar 
mechanism, as expressed by the coupled substitution reaction of Eq. (5) 
(Tindle and Webb, 1989): 

A(Fe,Mn)2+ + 2BW6+ ↔ AN4+ + 2B(Nb,Ta)5+ (5) 

Based on these findings, it can be concluded that the trace element 
compositions of wolframite from the Tantoushan deposit were 
controlled by the crystallochemical effects and that five isovalent sub
stitution mechanisms could potentially explain the observed trace 
element variations in wolframite. Considering that the five substitution 
mechanisms occurred simultaneously during wolframite formation, they 
can be unified as shown in Eq. (6): 

4A(Fe,Mn)2+ + 8BW6+ + B□ ↔ 3AM3+ + AN4+ + 7B(Nb,Ta)5+ + 2BN4+

(6) 

Previous studies revealed that the crystallochemical effects and 
composition of the primary mineralizing fluids are key factors control
ling the chemistry of wolframite, and that the Y/Ho and Zr/Hf ratios 
define the charge and radius controlled (CHARAC) behavior of common 
igneous rocks and wolframite (Bau, 1996; Harlaux et al., 2018; Xiong 
et al., 2020, 2021). In the Y/Ho versus Zr/Hf diagram, almost all studied 
wolframite samples fall outside the CHARAC field (Fig. 13a), indicating 
that the ionic radius and the charge valence are not the only parameters 

Fig. 11. REE (a) and trace elements (b) patterns of wolframite from the Tantoushan W deposit normalized to the upper continental crust (UCC from Rudnick and 
Gao, 2003). 
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controlling the partitioning of trace elements from fluids into 
wolframite. Thus, the concentrations of the trace elements incorporated 
during the crystallization of hydrothermal wolframite also reflect the 
specific chemical compositions of the ore-forming fluids. The wolframite 
from Tantoushan is characterized by enrichments in Ti, Sc, Zn, Y, Zr, Nb, 
and HREEs with concentrations ranging from 10 to 103 ppm, and by 
depletions in V, Cr, Ni, Sn, Ta, and U with concentrations ranging from 
0.01 to 10 ppm. The similar geochemical signatures of trace elements 
measured for different wolframite samples may indicate an additional 
control of the composition of primary mineralizing fluids on the trace 
element composition of wolframite. The high concentrations of Sc, Zn, 
Y, Zr, and Nb in wolframite indicate that these elements are efficiently 
incorporated into the crystal structure of wolframite. The low concen
trations of other elements (e.g., Cr, Ni, LREEs, and U) indicate that they 
are either not prone to be incorporated into wolframite or are present at 
very low concentrations in the mineralizing fluids owing to their low 
solubility in aqueous solutions. The diagram of ionic radius versus 
electric charge (Fig. 13b) shows that the low concentrations of many 
trace elements in wolframite can be potentially explained by 

crystallochemical control. For instance, the preferential enrichment in 
HREEs compared to LREEs observed for all wolframite samples 
(Fig. 11a) is likely due to crystallochemical constraints. Similar obser
vations have been reported in previous studies of wolframite 
geochemistry (Gan and Chen, 1992; Goldmann et al., 2013; Xiong et al., 
2017, 2020; Harlaux et al., 2018; Zhang et al., 2018). The preferential 
incorporation of HREEs is likely due to the very similar ionic radii of 
HREEs (Gd3+: 0.94 Å; Lu3+: 0.86 Å) to those of Fe2+ (0.78 Å) and Mn2+

(0.83 Å) in octahedral coordination on the A-site (Shannon, 1976) 
(Fig. 13b). In contrast, scheelite tends to preferentially incorporate 
LREEs (Raimbault et al., 1993; Ghaderi et al., 1999), which have similar 
ionic radii (La3+: 1.03 Å; Eu3+: 0.95 Å) to Ca2+ (1.0 Å) in octahedral 
coordination (Shannon, 1976). In addition, Rb+, Sr+, Eu2+, Pb2+, Cd2+, 
and Bi3+ are unable to enter the A-site because of their large ionic radii 
(>0.92 Å), whereas Cr3+ (0.61 Å) can possibly enter the B-site of the 
wolframite structure but not Cr6+ because of its small ionic radius 
(<0.56 Å). Theoretically, charge-compensating elements such as Cu+, 
Li+, and Sb3+ can enter the A-site relatively easily. However, these el
ements are not systematically detected in wolframite, which may reflect 

Fig. 12. (a) (K2O + Na2O)/CaO, and (b) 10,000 × Ga/Al versus (Zr + Nb + Ce + Y) diagram of Whalen et al. (1987). Abbreviations are as follow: FG: highly 
fractionated granite; OGT: unfractionated I- and S-type granite. 

Fig. 13. (a) Y/Ho versus Zr/Hf ratios in wolframite from the Tantoushan deposit. The CHARAC field is from Bau (1996). (b) Ionic radius versus electric charge 
diagram for major and trace elements in octahedral coordination in wolframite showing the theoretical occupancy of the A- and B-sites (modified from Harlaux et al., 
2018). Dash lines represent the lower and upper limits of 15 % relatively to the lattice site radius corresponding to total substitution (Goldschmidt’s rule). Ionic radii 
data are from Shannon (1976). 
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a primary depletion of those elements in the source magmas and the 
hydrothermal ore-forming fluids. 

In summary, the crystallochemical effects and composition of the 
initial hydrothermal fluids are two key factors controlling the trace 
element compositions of wolframite from the Tantoushan deposit. 

6.4. Genetic link between the W-bearing monzogranites and W 
mineralization 

The Triassic W-bearing and W-barren granites commonly coexist 
spatially, and it is often difficult to distinguish them by petrographic 
studies. By comparing their geochemical compositions, it is possible to 
gain an insight into the likely control of W- fertile and barren magmas, 
thereby providing a better understanding of the relationship between W- 
bearing granites and W mineralization. As previously mentioned, 
compared to the Triassic W-barren granitoids in NE China, the Tan
toushan W-bearing monzogranites are characterized by low LREE/HREE 
ratios and significantly negative Eu anomalies, indicating that the 
Tantoushan W-bearing monzogranites have a higher degree of frac
tionation than the Triassic W-barren granitoids (Miller and Mittlefehldt, 
1982, 1984). In addition, the degree of magmatic fractionation can also 
be monitored by the Rb/Sr, Nb/Ta, Zr/Hf, and K/Rb ratios, which are 
considered as ‘geochemical twins’ because these elements have the same 
charges and ionic radii, similar geochemical properties, and are ex
pected to experience very minor fractionation during most geological 
processes (Green, 1995). Previous studies demonstrated that the Rb/Sr 
ratios would increase, whereas the Nb/Ta, Zr/Hf, and K/Rb ratios would 
decrease with the evolving fractional crystallization of granites (Bau, 
1996; Linnen and Keppler, 1997; Dostal and Chatterjee, 2000; Linnen 
and Keppler, 2002; Claiborne et al., 2006; Deering and Bachmann, 2010; 
Dostal et al., 2015; Ballouard et al., 2016). The Tantoushan W-bearing 
monzogranites have higher Rb/Sr ratios, and lower Nb/Ta, Zr/Hf, and 
K/Rb ratios than the Triassic W-barren granitoids in NE China 
(Fig. 14a–d), indicating the Tantoushan W-bearing monzogranites are 
more fractionated than contemporary W-barren granitoids. 

In general, W mineralization is associated with highly fractionated 
granites, which is confirmed by many studies worldwide (Singh and 
Singh, 2001; Fogliata et al., 2012; Mao et al., 2013; Huang and Jiang, 
2014; Zhang et al., 2017b; Cao et al., 2018b, 2020; Harlaux et al., 2018; 
Jiang et al., 2018; Yuan et al., 2018; Steiner, 2019; Wang et al., 2020b; Li 
et al., 2021a). It is proposed that ore-forming elements may be 
concentrated during multiple stages of magmatic activity and then 
extracted by magmatic fluids (Che et al., 2013; Harlaux et al., 2018) or 
leached from granitoids and/or metamorphic rocks and transported by 
external (metamorphic or meteoric) fluids (Linnen and Williams-Jones, 
1995; Vindel et al., 1995; Vallance et al., 2001). These experimental 
studies focused on the partition coefficients between minerals and fluid/ 
melts (Che et al., 2013), analyses of fluid inclusions (Wei et al., 2012; Li 
et al., 2018; Pan et al., 2019; Ni et al., 2020), geochronology of W de
posits and their host granites (Li et al., 2021b; Xie et al., 2022a), and 
geochemical analyses of mineral elemental and stable isotope compo
sitions (Xiong et al., 2017; Harlaux et al., 2018; Zhang et al., 2018; 
Legros et al., 2019; Li et al., 2021a), which confirmed that the enrich
ment of W and other incompatible elements during magmatic fraction
ation is an essential requirement for the formation of W mineralization. 
By comparing the geochemical compositions of Mesozoic W-mineralized 
and W-barren granitoids, Xie et al. (2021b) concluded that the Mesozoic 
W-mineralized granitoids have higher W concentrations, Rb/Sr, and U/ 
Th ratios, but lower (La/Yb)N, LREE/HREE, Eu/Eu*, K/Rb, Zr/Hf, Nb/ 
Ta, and Y/Ho ratios than contemporary W-barren granitoids. In the 
present study, the Triassic Tantoushan W-bearing monzogranite samples 
are mostly plotted in the field of Mesozoic W-mineralized granitoids, 
whereas contemporary W-barren granitoids all fall into the field of 
Mesozoic W-barren granitoids (Xie et al., 2021b) (Fig. 14a–d). Using Rb/ 
Sr as a parameter to measure the extent of magma fractionation, Leh
mann (1987) and Lehmann et al. (1990) stressed that extreme fractional 

crystallization may result in both very high Rb/Sr ratio and elevated W 
concentrations in the magmas, which is a critical process for the for
mation of W deposits. It is noteworthy that the Tantoushan W-bearing 
monzogranite contains higher W concentrations than contemporary W- 
barren granitoids and the average continental crust (Fig. 14e, f). In 
combination with published geochemical data of Mesozoic W-mineral
ized granitoids, it is notable that the W concentrations of W-mineralized 
granitoids increase with increasing Rb/Sr ratios (Fig. 14e) and decrease 
with increasing K/Rb ratios (Fig. 14f), suggesting that fractional crys
tallization of the W-mineralized granitic magma enhances the enrich
ment of W in magmas. In addition, the lower intercept 206Pb/238U age of 
wolframite agrees well with the zircon weighted average mean 
206Pb/238U age of the W-bearing monzogranite, further demonstrating 
the genetic correlation between them. 

In summary, the extreme fractional crystallization of the W-bearing 
monzogranites in Tantoushan may have resulted in the enrichment of W 
and related incompatible elements, which are necessary for the forma
tion of W mineralization. The highly fractionated Tantoushan W-bearing 
monzogranite is likely the main source of metals for the formation of the 
Tantoushan deposit. The contemporary W-barren granitoids are irrele
vant to the W mineralization probably because of their low fractionated 
signatures. 

Based on the geological, geochronological, and geochemical features 
of the W-bearing monzogranites and wolframite from the Tantoushan 
deposit in NE China, we propose an integrated model of granitic mag
matism and W mineralization in the Tantoushan ore district. During the 
Late Triassic, mantle-derived mafic magmas successively underplated 
beneath the ancient lower crust and induced extensive crustal melting, 
which produced a deep hot zone and generated felsic magmas. The 
mantle-derived mafic magmas halted as a result of obstruction by the 
deep hot zone and rarely passed through the zone (Annen et al., 2006), 
which may explain the rare exposure of contemporaneous mafic rocks in 
this area. Tungsten as a lithophile element is generally enriched in the 
crust but depleted in the mantle (Rudnick and Gao, 2003; Arevalo and 
McDonough, 2008). Thus, the Paleoproterozoic lower crust beneath the 
Tantoushan area may represent a significant potential source for W 
mineralization. Continual fractional crystallization appears to have been 
the dominant process that further enriched W in granitic magmas. Pre
vious studies confirmed the importance of magmatic differentiation in 
the formation of W deposits, through which ore metals (W) and volatiles 
(F) are enriched in the highly evolved magma and then accumulate in 
the residual liquid (Thomas et al., 2005; Romer et al., 2014; Li et al., 
2021a). Similarly, the highly fractionated I-type granitoids in the Tan
toushan area contributed to W enrichment. In the late stage of magma 
evolution, volatile-rich fluids were exsolved and segregated from the 
melt. Their subsequent liquid-vapor phase separation could have 
changed the physical and chemical conditions of the magmatic- 
hydrothermal system (Li et al., 2021a). The post-magmatic fluids 
became enriched in F and Cl, along with the improved solubility of W 
(Webster and Holloway, 1988; Keppler and Wyllie, 1991; Schaller et al., 
1992; Signorelli and Carroll, 2000; Zajacz et al., 2008; Yuan et al., 
2019). Previous studies demonstrated that W could strongly partitioned 
from the melt into the fluid during the magmatic-hydrothermal transi
tion (Gibert et al., 1992; Wood and Samson, 2000). Along with changes 
in temperature and pressure gradients, the ore-bearing hydrothermal 
fluids migrated along a series of NNE-trending faults in the Tantoushan 
area. Infiltration and metasomatism occurred continuously between the 
W-bearing hydrothermal fluids and country rock, finally leading to the 
precipitation of W owing to favourable physical and chemical condi
tions. During the crystallization of wolframite, trace elements selectively 
entered into the wolframite lattice under the control of the crys
tallochemical parameters and the composition of hydrothermal ore- 
forming fluids. 
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Fig. 14. (a) Nb/Ta versus Rb/Sr diagram. (b) Zr/Hf versus Rb/Sr diagram. (c) K/Rb versus Rb/Sr diagram. (d) Nb/Ta versus Zr/Hf diagram. (e) W versus Rb/Sr 
diagram. (f) W versus K/Rb diagram. Data for Triassic W-barren granitoids in NE China are listed in Table S4. Field for average continental crust (ACC) is from 
Rudnick and Gao, 2003, and fields for Mesozoic W-mineralized and W-barren granitoids in NE China are from Xie et al., 2021. 
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6.5. Tectonic implications 

The formation of Triassic W-related granitoids and associated W 
mineralization in NE China is related to regional large-scale tectonic- 
magmatic-hydrothermal activity (Wang et al., 2021; Xie et al., 2021b). 
Hence, understanding the Triassic tectonic evolution in NE China is 
essential to gain insights into the formation of W-related granitoids and 
the associated W mineralization in this area. Below is our interpretation 
of the tectonic control on the Triassic W metallogeny in NE China based 
on this case study and previous studies. 

Although the disappearance of the PAO occurred along the SXCF, its 
closure time remains controversial (Eizenhöfer et al., 2014; Liu et al., 
2017). Liu et al. (2017) systematically summarized the available re
ported data and different models for the Paleozoic tectonic evolution of 
the easternmost CAOB, concluding that the final closure of the PAO 
occurred along the SXCF with a scissor-style closure from the Late 
Permian to Early Triassic in the west to Late Permian–Middle Triassic in 
the east. The presence of the Xilingol Complex, terrestrial Linxi For
mation deposition (Li et al., 2014b), collisional-related granites (Chen 
et al., 2009), and Wudaoshimen ophiolite (Wang et al., 2014) support 
this interpretation. Moreover, existing geological evidence suggests that 
melting of the thickened lower crust occurred because of amalgamation 
of the NE China blocks and NCC during the subduction of the PAO, 
which induced the formation of granitic parental magmas for W 
mineralization in this area, including the Middle Permian–Early Triassic 
syn-collisional granitoids in the eastern Jilin Province (Cao et al., 2013), 
Late Permian I-type granitoids along the SXCF (Sun et al., 2004), Triassic 
mafic volcanics and lacustrine molasses in the SGB (Zhang et al., 2008a), 
granodiorites in the Baiyinnuoer area (SGB; 245 Ma) (Jiang et al., 2017), 
Middle Triassic tonalities in the central Great Xing'an Range (GXR) 
(234–240 Ma) (Jiang et al., 2011), Early–Middle Triassic syn-collisional 
S-type granitoids in Linxi (SGB) and the Horqin right wing middle 
banner (the central GXR) (Li et al., 2007; Zhang et al., 2015), and syn
chronous adakitic plutons in the Yanbian fold belt (251–240 Ma) (Ma 
et al., 2017). Furthermore, the final closure stage of the PAO is marked 
by an extensional setting represented by the occurrence of Late Triassic 
bimodal volcanics (217–202 Ma) (Wang et al., 2015), A-type granitic 
(Gou et al., 2013), and rhyolitic rocks (Xu et al., 2013b; Guo et al., 2015) 
in the Lesser Xing'an-Zhangguangcai Range. Shang (2004) reported ra
diolarians in the argillite bed of the Zhesi Formation from the Middle 
Permian in the Zhesi and Xilinhot areas. This finding indicates that deep 
marine sedimentary facies persisted during the Middle Permian and that 
the ocean between the NCC and SC, probably extending along the Linxi 
ophiolite belt, was not closed until the Late Guadalupian (~270–250 
Ma). Han et al. (2015) reported the youngest detrital zircon U-Pb age of 
238 Ma from the Linxi Formation in the Linxi area, indicating that the 
final closure of the PAO occurred in the Early Triassic. Detrital zircon U- 
Pb dating of the Xingfuzhilu Formation in southern Inner Mongolia 
suggests that a closed remnant ocean basin possibly existed in the 
Middle Permian immediately prior to the final collision of the CAOB and 
closure of the PAO (Li et al., 2014a). The reported paleomagnetic data 
also provide further constraints on the final closure of the PAO. Ac
cording to paleomagnetic data, Li et al. (2006) concluded that the SC 
began to rapidly drift southward in the Early Permian and collided with 
the NCC at the end of the Permian (250 Ma). Rock magnetic and 
paleomagnetic studies of Permian sandstone from the Taohaiyingzi area 
in Inner Mongolia indicated that the area amalgamated with the NCC 
during the Late Permian (Qin et al., 2013). The final closure of the PAO 
primarily influenced the southernmost region of NE China and the 
northern margin of the NCC (Mao et al., 2020) (Fig. 15a). 

The Tantoushan monzogranites comprise high-K calc-alkaline gran
itoids (Fig. 8b), which typically form in active continental margins or 
post-collisional settings (Condie, 1976; Pitcher, 1987; Liegeois, 1998). 
Pearce et al. (1984) found that granites from different tectonic settings 
had different (Y + Nb), (Yb + Ta), and Rb contents. Our samples are 
plotted in the overlapping post-collision and syn-collision granite fields 

in the Rb versus (Y + Nb) and (Yb + Ta) diagrams (Fig. 16a and b), 
suggesting that they may have formed in a collision-related setting. In 
the R2 versus R1 diagram (Batchelor and Bowden, 1985), the samples 
mainly fall in or near the post-collision domain (Fig. 16c), indicating a 
post-collision-related setting. In the Rb/30–Hf–3Ta discrimination dia
gram (Harris et al., 1986), most samples are plotted in the post-collision 
field (Fig. 16d), further implying a post-collision-related setting. These 
characteristics suggest that the Tantoushan monzogranites may have 
been emplaced in a post-collision extensional setting. 

The studies above clearly indicate that the PAO closure had a long 
history throughout the Paleozoic until the early Mesozoic, which 
involved subduction/accretion processes on the northern margin of the 
NCC and the southern margin of NE China during the Paleozoic and a 
final collision along the SXCF during the Late Permian–Early Triassic 
times in the west. We therefore conclude that the Tantoushan mon
zogranites and related W deposit formed in a post-orogenic extensional 
setting controlled by the closure of the PAO (Fig. 15b). 

6.6. Implication for regional W exploration 

Romer and Kroner (2016) stressed that the formation of Sn and/or W 
mineralization can be a sequence of processes, including source 
enrichment and accumulation of ore-forming materials and metal 
extraction. In the metal extraction process, different tectonic settings 
may involve input of mantle melt or emplacement of ultrahigh- 
temperature metamorphic rocks, which act as fertile source rocks and 
play an important role in controlling the heterogeneous distribution of 
W mineralization within metallogenic belts. Therefore, a full under
standing of metallogenic tectonic settings is critical for regional W 
exploration. As previously mentioned, to date, only three W deposits 
(Shazigou, Yangjingou, and Tantoushan) have been confirmed to be of 
the Triassic age according to their geochronological data, and they are 
all distributed along the SXCF. The Shazigou W-Mo deposit has a 
molybdenite mean Re-Os age of 243.8 ± 1.6 Ma, which is regarded to be 
formed in the Middle Triassic and in a syn- to post-collision setting 
following the closure of the PAO (Peng et al., 2015). The Yangjingou W 
deposit, situated in the western part of the SXCF, has a muscovite 
40Ar-39Ar age of 230.8 ± 1.2 Ma (Late Triassic) (Zhao, 2014), which was 
formed in a post-collision extensional setting related to the closure of the 
PAO. In this study, the Tantoushan deposit was interpreted to form in a 
post-collision extensional setting following the closure of the PAO. Thus, 
we propose that all Triassic W deposits in NE China reported so far were 
formed in collision or extension settings related to the closure of the 
PAO. 

Previous studies have demonstrated the importance of magmatic 
differentiation in the formation of W deposits, where ore metals (W) and 
volatiles (F and Li) become enriched in highly evolved magma, followed 
by accumulation in residual liquid (Thomas et al., 2005; Romer et al., 
2014). The Tantoushan monzogranites are highly fractionated I-type 
granitoids. They have higher W concentrations, Rb/Sr ratios, and lower 
Nb/Ta, Zr/Hf, and K/Rb ratios than the Triassic W-barren granitoids in 
NE China (Fig. 14). These geochemical features suggest that highly 
fractionated granitoids are important prospective targets for future W 
exploration. The spatiotemporal distribution of the highly fractionated 
granitoids on both sides of the SXCF provides significant potential for W 
exploration, even though only the Tantoushan monzogranites have been 
demonstrated to be associated with W mineralization so far. In general, 
we suggest that the Triassic highly fractionated granitoids that experi
enced extreme magmatic differentiation and are distributed along the 
SXCF could be enriched in ore metals and volatiles, thereby representing 
potential targets for W mineralization. 

7. Conclusions  

(1) The zircon U-Pb dating defined an emplacement age of 233.1 ±
1.8 Ma for the W-bearing monzogranite in the Tantoushan 
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Fig. 15. (a) Sketches showing tectonic setting of the southwestern part of the NE China in Late Triassic (modified from Chen et al., 2020), and (b) the metallogenic 
model of the Tantoushan W deposit. 
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deposit. In situ U-Pb dating of the wolframite yielded a lower 
intercept 206Pb/238U age of 234.3 ± 6.2 Ma, which is coeval 
within the analytical error with the spatially related mon
zogranitic intrusion. New geochronological data reported here 
provide clear evidence of a Late Triassic W-related magmatic- 
hydrothermal event in the Tantoushan area.  

(2) The W-bearing monzogranites are highly fractionated I-type 
granitoids, mainly derived from the partial melting of the Pale
oproterozoic lower crust that subsequently underwent extreme 
fractional crystallization processes. In contrast to the Triassic W- 
barren granitoids, the Tantoushan W-bearing monzogranites are 
characterized by high W concentrations, high Rb/Sr ratios, and 
low Nb/Ta, Zr/Hf, and K/Rb ratios. It appears that extreme 
fractional crystallization was critical for W enrichment in granitic 
magma. The W-barren granitoids did not induce W mineraliza
tion, likely because of their low fractionated signatures.  

(3) The substitution reaction of 4A(Fe, Mn)2+ + 8BW6+ + B□ ↔ 
3AM3+ + AN4+ + 7B(Nb, Ta)5+ + 2BN4+ was demonstrated to play 
a critical role in the formation of hydrothermal wolframite from 
the Tantoushan deposit. The trace element compositions of 
wolframite were likely controlled by both crystallochemical pa
rameters and the composition of primary mineralizing fluids.  

(4) The Tantoushan deposit and genetically related monzogranites 
formed in a post-collision extensional setting controlled by the 

closure of the PAO. On both sides of the SXCF, Triassic highly 
fractionated granitoids have great potential for W mineralization, 
representing new exploration targets for granite-related W 
deposits. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2022.107060. 
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